1. Introduction {#sec1}
===============

Tirapazamine (SR259075, 1,2,4-benzotriazin-3-amine 1,4-dioxide, **1**, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) emerged as a lead compound that exhibits preferential toxicity toward hypoxic cells for one of our oncology programs. Tirapazamine **1** is a prodrug that is bioactivated only at very low levels of oxygen (hypoxia)^[@ref1]^ by a one-electron bioreduction pathway, primarily by NADPH/cytochrome P450 reductase, to a highly toxic DNA-reactive radical.^[@ref2]^

![Tirapazamine Structure](ao0c01250_0005){#sch1}

Tirapazamine **1** underwent phase II/III testing in patients with head and neck, non-small-cell lung, cervical cancers and metastatic melanoma^[@ref3]^ using an aqueous parenteral formulation.^[@ref4]^ Process validation was therefore undertaken for tirapazamine **1** in anticipation of commercial annual supplies forecasted to be in the order of several dozen kilograms.

The process development work, scale-up, and the validation were conducted by scientists at Sanofi-Aventis. We describe herein the selection and development of the industrial validated synthesis of tirapazamine **1**.

2. Results and Discussion {#sec2}
=========================

2.1. Process Selection {#sec2.1}
----------------------

The literature precedents were reviewed to assist in identifying the best approach for the industrial development, as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. Mason and Tennant developed a two-step process.^[@ref5]^ Reaction of 2-nitroaniline (**2**) with cyanamide afforded 1,2,4-benzotriazin-3-amine 1-oxide (**3**) in 80% isolated yield. Oxidation of **3** with 90% hydrogen peroxide in acetic acid yielded tirapazamine **1** in 63% yield. A second route was later developed by Suzuki and Kawakami involving a base-promoted heteroannulation of 2-fluoronitrobenzene (**4**) with guanidine for the synthesis of intermediate **3**, followed by oxidation to tirapazamine **1**.^[@ref6]^ Although these routes are a simple two-step synthesis, the impurities generated were very difficult to remove and thus considered as a roadblock toward synthesis industrialization and validation. Seng and Ley described a one-step procedure from benzofuroxan-1-oxide **5** and disodium cyanamide and subsequently published a patent which reported a yield of 89%.^[@ref7]^

![Overview of Main Processes for Tirapazamine **1** Synthesis\
Reagents and conditions: (a) H~2~NCN, neat, 100 °C, yield 80%; (b) H~2~O~2~ 90% in AcOH, 50 °C, yield 63% or 60--70 °C, yield 28%; (c) guanidine, tBuOK, tetrahydrofuran, 50--60 °C, yield 82%; (d) Na~2~NCN, MeOH, H~2~O, 50--60 °C, then purification using HOAc, yield 89%](ao0c01250_0006){#sch2}

However, in our hands, an important drawback of Seng and Ley's process was that the yields were variable at larger scales, varying from 17 to 39% on a 60 mol scale and required addition of solid disodium cyanamide. We, nevertheless, chose to focus on this one-step process, but the process was redesigned to obtain homogeneous conditions for scale-up.^[@ref8]^

A full process safety study indicated that the average reaction temperature (∼70 °C) was far too close to the runaway reaction temperature of 85 °C. A differential reaction calorimeter showed that the addition of benzofuroxan 5 was highly exothermic, +70 °C, with a slight induction period before the main heat flow. Also, the use of dimethyl sulfoxide (DMSO), known to be unstable under a strong basic condition, was not acceptable.^[@ref9]^ Additionally, cyanamide can decompose explosively if heated above 40 °C with an enthalpy of 1087 J/g. The process was considered very hazardous and therefore could not be scaled up.

2.2. Development of the Industrial Process {#sec2.2}
------------------------------------------

Our long-term goal was to validate the synthesis to produce tirapazamine **1** at the intended industrial scale. This implied the following:technical scalability and good robustness of the processes;good overall yield and process reproducibility (space--time--yield);acceptable process safety and industrial hygiene impact.

The FDA Guidance^[@ref10]^ defined the process validation as a collection and evaluation of data, from the process design stage through commercial production, which establishes scientific evidence that a process is capable of consistently delivering a quality product. In particular, the guidance describes process validation activities in three stages:In stage 1, the commercial process is defined based on knowledge gained through development and scale-up activities,In stage 2, the process is qualified; the process design is evaluated and assessed to determine if the process is capable of reproducible commercial manufacturing,In stage 3, there is continued process verification during routine production.

If a reduction in the reaction temperature for Seng's process were implemented in order to provide a better safety margin, it would extend the reaction time and allow the sodium salt of the drug substance to precipitate earlier in the reaction. The precipitated drug substance would cause a reduction in the heat-transfer rate and thereby further increase the contact time of the drug substance with the reaction mixture. It has been shown, by these authors, that tirapazamine **1** decomposes in an aqueous base. Seng's process relied on the rapid addition of benzofuroxan **5** to minimize contact of the drug substance with the strongly basic reaction mixture.

In parallel, examples were found in the literature, indicating that benzofuroxan **5** reacts under mild nucleophilic conditions.^[@ref11]^ Thus, we reasoned that benzofuroxan **5** should react with cyanamide under such mild conditions.

A few strong anhydrous bases were screened for use in the reaction instead of NaOH. 1,8-Diazabicyclo\[5.4.0\]undec-7-ene (DBU, **7**) was found to facilitate tirapazamine **1** formation. The product could then be isolated after acidification with acetic acid.^[@ref12]^ This process, described in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}, was selected for our industrial application.

![Tirapazamine Industrial Process\
Reagents and conditions: (a) CH~3~CN, 20--25 °C; (b) AcOH, then purification using CH~3~SO~3~H/water and AcONa/water](ao0c01250_0007){#sch3}

### 2.2.1. Establishing the DBU/Cyanamide/Benzofuroxan **5** Ratio {#sec2.2.1}

DBU is required as a base to deprotonate cyanamide and initiate the reaction with benzofuroxan **5**. DBU also forms a salt with tirapazamine **1** in the reaction mixture. Therefore, 1 equiv is the minimum amount required in order to complete the reaction. Cyanamide is known to condense with itself under basic conditions to give dicyandiamide.^[@ref13]^ A stability study was conducted to determine the amount of base necessary to maintain a stable solution of cyanamide in salt form. The results of this study are represented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Stability Study of Cyanamide Salt Solution

  equivalents of DBU used    remaining cyanamide day 1  remaining cyanamide day 4 (%)   remaining cyanamide day 6 (%)
  ------------------------- --------------------------- ------------------------------- -------------------------------
  1                                    ∼80%             50                              30
  1.5                                  ∼80%             70                              40
  2                                not available        70                              70
  3                                not available        70                              70

This study showed that a minimum ratio of 2/1 DBU/NH~2~CN was necessary to obtain good stability for cyanamide. However, a better chemical yield of tirapazamine **1** was obtained when the ratio of DBU/NH~2~CN was 1/1 than when the ratio was 2/1. It is reasoned that too strong basic conditions disfavor the formation of tirapazamine **1**. To quench the reaction, it was necessary to add enough acid to neutralize the amount of DBU used in the reaction. This is required to release the DBU/tirapazamine **1** salt and isolate the product. As the cyanamide and DBU ratio to benzofuroxan **5** increases, the reaction rate and the chemical yield of tirapazamine **1** also increase. A plateau effect on the chemical yield is observed for a ratio of 1/2/2 benzofuroxan **5**/DBU/NH~2~CN, which gives almost the same conversion rate as a ratio 1/3/3 \[ratio 1/3/3 (38% isolated yield) vs 42% for a ratio 1/2/2\].

### 2.2.2. Establishing the Reaction Temperature {#sec2.2.2}

The upper limit of 40 °C was imposed for safety reasons. Reaction temperatures less than 20 °C had a slower reaction rate and resulted in poor conversion to tirapazamine **1** and higher decomposition of benzofuroxan **5**. Therefore, the temperature was kept at the range of 20--25 °C.

### 2.2.3. Reaction Solvent {#sec2.2.3}

Acetonitrile was chosen as a reaction solvent as it was already defined as the best wash solvent in the reaction workup (see the Isolation and Purification Procedure section). The use of acetonitrile as a solvent improved the heat-transfer rate sufficiently so that the temperature was controlled with only a small temperature difference between the reactor jacket and the contents, provided that the addition was made progressively. The total acetonitrile present in the reaction mixture at the time was defined as 3.75 L per benzofuroxan **5** kg. Cyanamide is readily soluble in acetonitrile, even though its dissolution is endothermic. It was decided to add the acetonitrile for the reaction dilution along with the cyanamide. Therefore, acetonitrile was used to dissolve and add the cyanamide onto benzofuroxan **5** in the DBU solution.

### 2.2.4. Establishing the Reaction Time {#sec2.2.4}

The reaction was monitored quantitatively by high-performance liquid chromatography (HPLC), and a typical reaction course is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Reaction kinetic study at a temperature between 20 and 25 °C.](ao0c01250_0001){#fig1}

According to this kinetic study, performed at a temperature between 20 and 25 °C, it was observed that the reaction reached a conversion plateau at about 48 h. After this mixing time, a significant amount of tirapazamine **1** was formed, whereas slow degradation of benzofuroxan **5** was observed. Therefore, the minimum reaction time was established at 48 h, as no increase of tirapazamine **1** proportion was observed later after this reaction time.

At full-scale reaction, the same kinetics were observed, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Reaction kinetic study at temperatures between 20 and 25 °C.](ao0c01250_0002){#fig2}

The reaction reached a conversion plateau with a HPLC assay (weight formed of tirapazamine **1** vs the total reaction assay) unchanged after 60 h. An in-process control limit of \>15 wt % tirapazamine **1** by the HLPC assay was established.

### 2.2.5. Effect of Water on the Reaction {#sec2.2.5}

Commercial grade benzofuroxan **5** is commonly supplied either wet with water (5--10%) or anhydrous. Therefore, the effect of water on the reaction outcome was investigated. Benzofuroxan **5**, which contained 5% water, was utilized in the anhydrous reaction procedure. The corresponding purity was acceptable, but the yield, after correction for the water content in the benzofuroxan **5**, was reduced by 2--4%. Then, reactions with benzofuroxan **5** containing a minimum amount of water were performed. The results were compared with the reaction with wet benzofuroxan. The results are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Study of Water Contained in Benzofuroxan **5**

  benzofuroxan **5** used   tirapazamine **1** produced   
  ------------------------- ----------------------------- ---------------
  internal                  0.3                           38.7
  Aldrich                   0.23                          36, 37 and 38
  Farchemia                 5                             34.6

A specification of not more than 0.5% water was set for benzofuroxan **5** to ensure yield consistency. It is possible that water triggers stability issues under basic reaction conditions and therefore lowers the yield.

### 2.2.6. Isolation and Purification Procedure {#sec2.2.6}

The purification solvent was selected on a screening, represented in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, with the purity assay observed after filtration of the crude tirapazamine **1**, which was obtained according to the process described in the above sections.

###### Purification Study

  solvent             yield (%)    assay %
  ------------------- ----------- ---------
  acetone             42             93
  isopropyl alcohol   51             87
  acetonitrile        37--39        \>99

The addition of acetic acid is necessary for the neutralization of the DBU salt of tirapazamine **1**. A 1% excess of acetic acid was used to ensure complete neutralization. The crystallization temperature is important in maximizing the yield. The crystallization temperature was set at 5--10 °C and the stirring time was set for 12--24 h to maximize the yield. Adequate washes of the crude tirapazamine **1** filtrate were found critical to ensure product quality. Then, the crude was dissolved in aqueous methanesulfonic acid with gentle warming (40--50 °C) until complete solution was obtained. The dissolution time was determined to require 3--6 h. Tirapazamine **1** was proven to be stable in aqueous methanesulfonic acid. [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} describes the summary of the main key parameters studied.

###### Summary of Parameters Studied

  parameter                                value chosen
  ---------------------------------------- ------------------------------------------------
  base                                     DBU
  minimum DBU/tirapazamine **1** ratio     1/1
  DBU/cyanamide ratio                      1/1
  DBU/cyanamide/benzofuroxan **5** ratio   2/2/1
  minimum reaction time                    48 h
  reaction temperature                     20--25 °C
  water content                            0.5% water was set for benzofuroxan **5**
  reaction solvent                         acetonitrile, 3.75 L per benzofuroxan **5** kg

Using these typical parameters, at the laboratory scale, the conversion rate of benzofuroxan **5** was 66% (internal standard DBU) and the chemical yield was 57% (internal standard DBU). The isolated yield was 38% after purification \[assay: 99.2%, total chromatographic impurity: 0.29%\].

2.3. Safety Precautions for Process Implementation {#sec2.3}
--------------------------------------------------

The synthesis was considered less hazardous than Seng and Ley's process in DMSO particularly with regard to the reduction of the reaction temperature from 70 to 20--25 °C, the reason being that the reaction no longer took place at a temperature close to decomposition (85 °C) where the runaway risk was assessed to be very significant. However, it remained not intrinsically safe because of heat accumulation. Thus, introduction of the cyanamide solution in acetonitrile to the benzofuroxan **5** solution in DBU was carefully studied with regard to its exothermic behavior using a differential reaction calorimeter, as represented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Specific heat at the end of the reaction was measured to be 1.67 J·g^--1^·°C^--1^, corresponding to a thermal result of Δ*Q* = 318 J/g of benzofuroxan **5**. Indeed, in case of loss of cooling, the heat of the reaction can increase the batch temperature to 46 °C. Moreover, the reaction lasts 50 h after a 30 min dosing. Therefore, the accumulation of heat in the reactor is significant.

![Exothermic profile of cyanamide addition on benzofuroxan **5**.](ao0c01250_0003){#fig3}

A scaled down laboratory reaction was conducted to study the potential for a reaction quench in the event of a cooling failure during a large-scale reaction. Thus, right after cyanamide addition, water was added as rapidly as possible. The temperature, without external cooling, did not rise above 34/35 °C, which was below the accepted maximum safe operating temperature of 40 °C and thus considered safe enough to allow process implementation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Emergency quench of the reaction mixture with water.](ao0c01250_0004){#fig4}

2.4. Process Validation {#sec2.4}
-----------------------

Process validation was conducted for commercial manufacturing of a tirapazamine **1** drug substance on a 10 kg scale of benzofuroxan **5**, which was purchased from an external supplier. The following critical parameters were included in the validation activity: batch temperature (addition of cyanamide solution to benzofuroxan **5** in DBU) 5--25 °C; batch reaction temperature 20--25 °C for 60--72 h; crystallization temperature of the crude tirapazamine **1** 5--10 °C for 12--24 h; absorbance in the washes (NMT 0.08%) and DBU content (NMT 0.2%), reactor temperature for solubilization of crude tirapazamine **1** in aqueous methanesulfonic acid, 40--50 °C for 3--6 h; sodium content of the water washes of purified tirapazamine **1**, NMT 1200 ppm; drying temperature at 50--55 °C for 24 h; screening material through a 25 mesh, particle \<900 μm. [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} summarizes the overall validation results for the three consecutive batches.

###### Summary of Validation Results

  parameter              1002-H    1003-H                                         1004-H
  -------------------- ----------- ---------------------------------------------- -----------
  batch temperature     22--24 °C  21--28, 3 °C[a](#t5fn1){ref-type="table-fn"}   22 °C
  reaction time           72 h     66 h                                           66 h
  yield                   34.9%    35.5%                                          35.4%
  mass                   4.3 kg    4.4 kg                                         4.4 kg
  analytical results    compliant  compliant                                      compliant

Temperature excursion on batch 1003-H was assessed to be a minor deviation caused by a failure of a temperature control module.

The validation protocol conditions for the synthesis were met by the three validation batches, yields were considered reproducible, and reaction conditions robust. The recoverability of the waste streams, DBU or acetonitrile, was not investigated because of the small annual volume anticipated.

3. Conclusions {#sec3}
==============

The synthesis procedure has been improved from the original heterogeneous reaction that required addition of a solid starting material with an uncontrolled exotherm. The final industrial process addressed the exotherm and process impurities. It was possible to implement it safely with appropriate precautions. It has been demonstrated that this process is reproducible and well controlled and produces a good quality material. This process has been validated at the intended commercial scale. FDA guidance stages 1 and 2, regarding process design and validation, were closely followed, although stage 3 was not possible as tirapazamine **1** was not commercially launched.

4. Detailed Experimental Section {#sec4}
================================

Tirapazamine, 1,2,4-benzotriazin-3-amine 1,4-dioxide (SR259075) **1**: A stirred solution of cyanamide (5.8 kg, 137.96 mol, 2.16 equiv) in acetonitrile (27 kg) at 15--20 °C was added to a stirred suspension of benzofuroxan **5** (9.5 kg, 69.79 mol) and DBU (21.3 kg, 139.88, 2 equiv) at 5--10 °C for over about 100 min while maintaining the reaction temperature between 15 and 25 °C. The system was diluted with 1 kg of acetonitrile, and stirring was maintained for about 65 h at 20--25 °C. The slurry was charged with 45 kg of acetonitrile, cooled to 5--10 °C, and charged with 8.5 kg of acetic acid. The system was rinsed and diluted with 3 kg of acetonitrile. The mixture was cooled to 0--10 °C and stirred for an additional 46 h. The mixture was filtered, and the solid was washed with 3 × 15 kg of acetonitrile. The solid was collected and slurried twice with 20 kg of water and washed again with 10 kg of water.

Purification: The crude solid tirapazamine **1** salt was charged to a reactor with 29 kg of purified water. The slurry was stirred and charged with 8.7 kg of methanesulfonic acid and heated to 40--50 °C to obtain a solution. The solution was filtered and transferred onto a solution of 9.2 kg sodium acetate in 49 kg of purified water to precipitate the tirapazamine **1**. The suspension was cooled to 10--25 °C and stirred for at least 1 h. The suspension was filtered, and the solid was washed with 10 kg of purified water, resuspended in 20 kg of purified water, filtered, and then washed again with 10 kg of purified water. The solid was slurried with 20 kg of purified water, filtered, and washed with 10 kg of purified water. The solid was dried in a vacuum dryer at 50--55 °C for 24 h, and the dry solid tirapazamine **1** was passed through a 25-mesh screen to obtain a material with particles \<900 μm.

^1^H NMR (DMSO-*d*~6~, 500 MHz): δ ppm: 7.577 (d, 1H, *J* = 8 Hz), 7.946 (d, 1H, *J* = 8 Hz), 8.028 (2H, brs), 8.151 (t, 1H, *J* = 8 Hz), 8.212 (t, 1H, *J* = 8 Hz). ^13^C NMR (DMSO-*d*~6~, 125 MHz): δ 117.5, 121.6, 127.3, 131.1, 135.8, 138.9, 151.9. HRMS: exact mass (by Xevo QToF), MH^+^; found, 179.0559 (MH^+^ calcd 179.0569, difference: 5.6 ppm). Elementary analysis: found C 46.87%, H 3.30%, N 30.93%. Calcd C, 46.57%; H, 3.50%; N, 31.03%.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01250](https://pubs.acs.org/doi/10.1021/acsomega.0c01250?goto=supporting-info).^1^H NMR, ^13^C NMR, MS, and IR spectra for the synthesized compound, tirapazamine **1** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01250/suppl_file/ao0c01250_si_001.pdf))
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